Abstract. The aim of this study was to investigate the status of the c-Myc-related molecule Mina53 and the clinical impact of Mina53 nuclear localization in patients with stage II and III colorectal cancer (CRC). Patients (n=250) who underwent complete resection of CRC at our department were enrolled in this study, and tissue microarray samples were constructed from resected specimens. Mina53 expression in the nuclei of tumor cells was analyzed using immunohistochemistry (IHC). Patients were classified into Mina53 nuclear localizationpositive and -negative groups, and statistical correlations with clinicopathological factors were investigated. Relapse-free survival (RFS) was compared using the Kaplan-Meier method and the Cox proportional hazard model. Tumor recurrence was significantly higher in the Mina53-positive group than in the Mina53-negative group. Moreover, in RFS analysis, patients in the Mina53-positive group exhibited significantly poorer prognosis than patients in the Mina53-negative group. In the univariate analysis, histological type, adjuvant chemotherapy status, carcinoembryonic antigen (CEA) status, and Mina53 status were prognostic factors for RFS. Furthermore, in the subgroup analysis, patients in the Mina53-positive group with stage III disease treated with adjuvant chemotherapy exhibited significantly poorer prognosis in RFS than patients in the Mina53-negative group. In the univariate and multivariate analyses, histological type and Mina53 status were significantly associated with RFS. Thus, our findings revealed that Mina53 was an important indicator of prognosis in patients with stage III CRC treated with adjuvant chemotherapy.
Introduction
Colorectal cancer (CRC) is the third leading cause of cancer-related deaths, and more than 130,000 people are diagnosed with CRC annually in the United States of America (1) . In Japan, CRC is the second leading cause of cancer-related deaths, and out of 360,000 cancer-related deaths in Japan, more than 50,000 were caused by CRC (2, 3) . The treatment of advanced CRC has evolved from single modality treatment to multimodal treatment. However, some patients still experience tumor recurrence and metastasis, even after curative resection of the tumor and administration of adjuvant chemotherapy. Therefore, it is necessary to identify novel biomarkers for prediction of the risk of recurrence or metastasis in high-risk patients.
Several studies have identified clinicopathological and biological markers that predict the prognosis of patients with CRC after administration of adjuvant chemotherapy. For example, Shirota et al reported that thymidylate synthase mRNA levels predicted survival in patients with CRC receiving a combination of oxaliplatin and fluorouracil (5FU) adjuvant chemotherapy (4) . Additionally, Crozier et al demonstrated that the prognosis of patients with CRC after 5FU adjuvant chemotherapy was poor in cases exhibiting high systemic inflammatory responses (5). Ogata et al revealed that the expression of vascular endothelial growth factor (VEGF) was associated with the prognosis of patients treated with adjuvant UFT and 5'-DFUR therapy (6) . Furthermore, Ogawa et al demonstrated that thymidine phosphorylase mRNA expression is an effective marker predicting prognosis in patients who received S-1 adjuvant chemotherapy (7) . These biomarkers may become specific indicators for the corresponding drugs. However, if the therapeutic regimen is combined with multiple drugs, these biomarkers generally cannot predict patient outcomes. Thus, it is necessary to develop biomarkers that can clearly and broadly predict the (8) . The Mina53 protein is not expressed in cells of the normal colonic mucous membrane, but is induced directly by c-Myc, an important oncogene (9) . Moreover, the Mina53 protein is localized in the nucleus and nucleolus. Following induction by c-Myc, Mina53 in the nucleus and nucleolus contributes to cell proliferation. Therefore, the localized expression of Mina53 in the nucleus can be an important indicator of cancer cell proliferation. Furthermore, Tsuneoka et al reported that specific inhibition of Mina53 expression by RNA interference markedly suppresses cell proliferation (8) . However, the correlation between the intracellular localization of Mina53 and clinicopathological factors in CRC is still unknown. Accordingly, in this study, we aimed to investigate the cellular localization patterns of Mina53 in CRC tissues and to assess the clinical significance of the nuclear expression of Mina53 as a biomarker in patients with CRC after adjuvant therapy.
Materials and methods

Patients.
A total of 636 patients who were diagnosed with CRC and underwent curative resection of the tumor in our department from 2005 to 2008 were enrolled in this study. Patients who underwent additional colorectal resection after endoscopic mucosal resection (EMR) of the primary tumor, patients lacking clinical information, and patients who had received neoadjuvant chemotherapy were excluded from the study. Clinical records and pathological reports were closely reviewed retrospectively.
Among the included cases, 250 patients were diagnosed with pathological stage II or III in accordance with the seventh edition of the UICC TNM classification of malignant tumors. All patients received curative resection of the tumor, including D3 regional lymphadenectomy. Thirty-eight of the 137 patients with stage II disease and 64 of the 113 patients with stage III disease received adjuvant therapy. The backgrounds and selection of patients are summarized in Fig. 1 and Table I .
Institutional review board statement. All of the protocols used in this study were in compliance with the guidelines of the Ethics Committee of Kurume University School of Medicine. The protocol of the study was approved by the hospital Ethics Review Board (no. 203), and informed consent was obtained from all of the enrolled patients pre-operatively.
Immunohistochemical analysis of tissue microarray (TMA).
Tissue samples were obtained from the selected patients after surgery, and formalin-fixed, paraffin-embedded blocks were created. One cylindrical core biopsy with a diameter of 3.0 mm was punched out from the center of every tumor tissue sample using a tissue microarray instrument. These samples were assembled and embedded in a recipient paraffin block to make a TMA sample.
A 4-µm section was cut from this TMA block and used for immunohistochemical staining. Paraffin sections were deparaffinized in xylene and rehydrated in graded ethanol. Microwave-mediated antigen retrieval was performed in 0.01 M citrate buffer, pH 6.0. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide in methanol for 15 min. Sections were incubated at room temperature with anti-Mina53 antibody (dilution 1:100; cat. no. ab126282; Abcam, Cambridge, MA). Immunohistochemical staining was performed using the Dako Chem Mate EnVision system (Dako, Glostrup, Denmark) and a Peroxidase/DAB Kit (Dako). Sections were counterstained with hematoxylin, the slides were dehydrated, coverslipped and observed in a x100 magnifying field with a microscope (Olympus BX51; Olympus Optical, Co., Ltd., Tokyo, Japan). Images were thoroughly evaluated by two independent pathologists.
Statistical analysis. Patients were divided into Mina53 nuclear expression-positive and -negative groups. The Chi-squared test was used to evaluate the significance of correlations between groups. Survival curves were computed by the Kaplan-Meier method and statistical significance was assessed by the log-rank test. Univariate and multivariate analyses were performed using the Cox proportional-hazard model, and are summarized using false-discovery rate comparisons. Findings with P-values <0.05 were considered to indicate a statistically significant difference. All statistical analyses were performed using the computational statistical software JMP version 11.0 (SAS Institute, Cary, NC, USA).
Results
Patient backgrounds and evaluation of Mina53.
A flowchart of the selection process and a summary of the enrolled patients are presented in Fig. 1 and Table IA . There were significant differences in tumor depth and lymph node metastasis between patients with stage II and stage III disease. Furthermore, lymphatic invasion, vascular invasion, tumor budding and perineural invasion (PNI) were more common in patients with stage III disease than in patients with stage II disease. However, there were no significant differences in tumor size, tumor location, and tumor marker expression between patients with stage II and stage III disease. Adjuvant chemotherapy was performed in 27% of patients with stage II disease and 56.64% of patients with stage III disease; this difference was statistically significant. The percentages of recurrence were 16.8% in patients with stage II disease and 24.8% in patients with stage III disease. The patterns of recurrence are summarized in Table IB . There were no significant differences in recurrence form between patients with stage II and III disease.
To evaluate the clinical impact of Mina53 nuclear staining in patients with stage II and III CRC, immunohistochemical analysis using a TMA was performed, and clinicopathological factors were investigated. Representative cases of immunostaining of Mina53 are shown in Fig. 2 . Primary tumor cells displayed several Mina53 staining patterns. As shown in Fig. 2A , Mina53 was clearly stained in the nucleus of tumor cells. Fig. 2B shows Mina53 staining in both the cytoplasm and nucleus of tumor cells. In Fig. 2C , Mina53 was present in the cytoplasm but not in the nucleus of tumor cells. Finally, Fig. 2D shows negative results for Mina53 staining in tumor cells. We defined Mina53 positivity as shown in Fig. 2A and B. were assigned into the positive group. Neither T factor nor N factor were significantly correlated with Mina53 positivity. The percentage of Mina53-positive cases was almost identical in patients with stage II and III disease. There were no significant differences in the majority of clinicopathological factors, other than patient age and tumor recurrence, between the Mina53-positive and -negative groups. Vascular invasion was relatively higher in the Mina53-negative group than in the Mina53-positive group; however, this difference was not significant. Patient age was significantly higher in the Mina53-positive group. Tumor recurrence was also significantly higher in the Mina53-positive group than in the Mina53-negative group. Metastatic lesions did not differ significantly between the two groups. However, the Mina53-positive group exhibited significantly poorer RFS than the Mina53-negative group (Fig. 3) .
To evaluate the influence of Mina53 nuclear expression on RFS, univariate and multivariate analyses were performed. Differences in RFS were assessed using the Kaplan-Meier method and compared using log-rank tests. RFS, relapse-free survival.
In the univariate analysis, histological type, adjuvant chemotherapy status, CEA status, and Mina53 status were prognostic factors for RFS in patients with stage II and stage III disease. In multivariate analysis, each of the variables selected in the univariate analysis became an independent prognostic factor for RFS (Table IIB) . In false-discovery rate (FDR) analysis for RFS, Mina53 status and histological type were the most significantly contributing variables, followed by CEA level and adjuvant chemotherapy status (Fig. 4A ).
Mina53 nuclear expression did not correlate with prognosis in patients who did not receive adjuvant chemotherapy.
Next, we performed an analysis of patients who had or had not undergone adjuvant chemotherapy (Fig. 1 ). There were no significant differences in RFS in the Mina53-positive and -negative groups in patients who did not receive adjuvant chemotherapy (data not shown). These results were also confirmed separately for patients with stage II and stage III disease (data not shown).
Mina53 nuclear expression was an indicator of poor prognosis in patients who had received adjuvant chemotherapy.
Nuclear positivity of Mina53 was significantly associated with shorter RFS compared with that in the Mina53-negative group (Fig. 5A) . Furthermore, in subgroup analysis, there were no significant differences in RFS in patients with stage II disease who received adjuvant chemotherapy (Fig. 5B) . However, patients treated with adjuvant chemotherapy in stage III exhibited a significantly shorter RFS (Fig. 5C ). Univariate and multivariate analyses were performed to determine which clinicopathological variables contributed to RFS (Table III) . Histological type and Mina53 status were chosen as factors significantly contributing to RFS in both univariate and multivariate analyses. Furthermore, Mina53 was superior to histological status in the FDR analysis (Fig. 4B) .
Discussion
In the present study, we focused on Mina53 nuclear expression in primary lesions in patients with stage II/III CRC treated with radical resection of the tumor. Of the 250 patients, 113 (45.2%) had stage III disease, and of these 113, 49 patients (43.33%) did not receive adjuvant chemotherapy. Currently, almost all patients with stage III disease receive adjuvant chemotherapy. However, the patients in this study were treated from 2005 to 2008, during which time the choice of therapy was at the discretion of the doctor, without an obvious consensus. Thus, many patients with stage III disease did not receive adjuvant chemotherapy.
There were no significant differences in RFS between Mina53-positive and -negative groups in patients with stage II disease; however, a difference was observed in patients with stage III disease. In Japan, the surgical procedure performed in patients with stage II/III disease allows for a sufficient surgical margin and lymphadenectomy around the main tumor feeder in the upstreaming artery (10) . In patients with stage II disease, the lymphadenectomy procedure is thought to be sufficient for complete cancer resection. In contrast, in patients with stage III disease, there is a chance that some cancer cells are not fully resected. The residual cancer cells could cause recurrence and metastasis, thereby affecting RFS.
As reported previously, Mina53 is a direct target of the c-Myc proto-oncogene, which regulates cell proliferation, cell growth, differentiation, and apoptosis. c-Myc is a well-studied oncogene that is overexpressed in many cancers (11, 12) . Tuneoka et al demonstrated that Mina53 expression is controlled by c-Myc (8) . Thus, localization of Mina53 expression in the nucleus may reflect the activation of c-Myc. In this study, there were no significant differences in RFS between Mina53-negative and -positive groups in patients who did not undergo adjuvant chemotherapy. However, significantly poorer RFS was observed in the Mina53-positive group in patients who received adjuvant chemotherapy compared with those in patients who did not receive adjuvant chemotherapy. The correlations between Mina53 nuclear expression and clinicopathological variables were also analyzed, and recurrence was revealed to be significantly correlated with Mina53 positivity. Thus, these findings indicated that nuclear expression of Mina53 was associated with the acquisition of chemotherapy resistance and tumorigenic ability often observed in cancer stem cells. Mina53 is induced by Myc (8), which functions as a transcriptioN factor and reprogramming regulator in embryonic stem cells and cancer cells (13) . Thus, Myc is also involved in the regulation of cancer stem cells. Consistent with our findings, several studies have demonstrated that cancer stem cells are related to chemotherapy resistance in many types of cancer (14) (15) (16) (17) .
In the present study, Mina53 nuclear expression was significantly associated with recurrence and was a biomarker of RFS in patients with stage II/III CRC treated with adjuvant chemotherapy. Several other biomarkers have been revealed to indicate prognosis after adjuvant chemotherapy. For example, Lin et al reported that pre-operative CEA levels, emergent operation for obstruction/perforation, lymphovascular invasion, and tumor depth were poor predictors of RFS in patients with stage II disease (18) . Additionally, the presence of KRAS and BRAF mutations affects recurrence or metastasis after surgical treatment in patients with CRC (19) . Mutations in epidermal growth factor receptor (EGFR) and p53 (20) or microsatellite instability (MSI) (21) have also been reported to be biomarkers of CRC. However, some markers have not been fully evaluated due to the long time required for analysis, as well as the cost and complexity of the assays. Notably, Mina53 nuclear expression could be detected using a simple IHC procedure. With this assay, it was relatively easy to determine whether Mina53 was expressed in the nucleus. Moreover, the assay is inexpensive when compared with other potential methods.
Targeting of c-Myc in clinical trials is quite difficult because c-Myc is involved in not only cancer cell proliferation but also normal cell development (22) . Furthermore, c-Myc is involved in a number of molecular pathways associated with cell growth, cell proliferation, and gene regulation. Myc was identified more than 30 years ago (23) (24) (25) (26) (27) . Teye et al reported that Mina53 is expressed in all pathological grades of colon cancer, but that it is not or is only weakly expressed in non-neoplastic colonic cells (9) . They also demonstrated that suppression of Mina53 expression in vitro by Mina53-specific small interfering RNA suppressed the proliferation of CRC cell lines. This suppressive effect was thought to be a result of inhibition of Mina53, suggesting that Mina53 may be a direct target of c-Myc as well as an attractive target for controlling the c-Myc pathway in tumor cells without harming normal cells. Further studies are required to elucidate these mechanisms. Mina53 may not only be a crucial marker to predict the prognosis of colorectal cancer patients who received adjuvant chemotherapy, but may also be an important biological target to treat those patients who failed to respond to conventional chemotherapeutic treatment.
Mina53 nuclear expression in CRC cells was found to be associated with tumor recurrence and could be used as an effective marker for predicting the prognosis of patients with CRC who received adjuvant chemotherapy. By investigating Mina53 nuclear expression, patients who may experience tumor recurrence or metastasis quickly after adjuvant chemotherapy can be selected. Patients who received adjuvant chemotherapy should be carefully screened and followed after treatment if their primary tumor exhibited nuclear Mina53 expression.
